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Description 

APPARATUS FOR APPLYING OPTICAL 

GRADIENT FORCES 

Cross Reference to Related Applications 

[0001] The present application is a divisional of co-pending U.S. 

Patent Application Serial No. 09/495,064 filed January 31, 

2000, which was a continuation of U.S. Patent Application 

Serial No. 09/017,923 filed February 3, 1998 (U.S. Patent 

No. 6,055,106; issued April 25, 2000), the contents of all 

of which are incorporated herein by reference. 
Federal Research Statement 

[0002] Thj S invention was made with U.S. Government support 
under Contract No. DMR-9320278 awarded by the Na- 
tional Science Foundation, through the MRSEC Program of 
the National Science Foundation under Award No. DMR- 
9400379, and through a GAANN fellowship from the De- 
partment of Education. 
Background of Invention 



Field of the Invention 

[0003] The present invention is related generally to a method and 
apparatus for manipulating small dielectric particles or 
other materials using optical gradient forces. In particular, 
the invention is related to a method and apparatus which 
uses focused laser light directed by a diffractive optical 
element, such as a hologram or diffraction grating, to cre- 
ate any one of a variety of selectable optical field patterns 
to assemble or direct particulate materials, or other af- 
fected materials, into a desired spatial pattern for any one 

of a myriad of uses. 
Summary of Invention 

[0004] it i S known to construct optical tweezers using optical 

gradient forces from a single beam of light to manipulate 
the position of a small dielectric particle immersed in a 
fluid medium whose refractive index is smaller than that 
of the particle. The optical tweezer technique has been 
generalized to enable manipulation of reflecting, absorb- 
ing and low dielectric constant particles as well. 

[0005] The current conventional systems therefore can manipu- 
late a single particle by using a single beam of light to 
generate a single optical trap. To manipulate multiple 



particles with such systems, multiple beams of light must 
be employed. 

[0006] The difficulty of creating extended multiple-beam traps 
using conventional optical tweezer methodology inhibits 
their use in many potential commercial applications such 
as the fabrication and manipulation of nanocomposite 
materials including electronic, photonic and opto- 
electronic devices, chemical sensor arrays for use in 
chemical and biological assays, and holographic and com- 
puter storage matrices. 

[0007] it j S therefore an object of the invention to provide an im- 
proved method and system for establishing a plurality of 
optical traps. 

[0008] it is another object of the invention to provide a novel 

method and system for using a single beam of light with 
diffractive optics for forming a configuration of light 
beams for establishing a plurality of optical traps. 

[0009] it is an additional object of the invention to provide a 

novel method and apparatus for using holograms for gen- 
erating an optical gradient field for controlling a plurality 
of particles or other optical media. 

[0010] n is a further object of the invention to provide an im- 
proved method and system for establishing a plurality of 



optical traps for a variety of commercial applications re- 
lating to manipulation of small particles such as in pho- 
tonic circuit manufacturing, nanocomposite material ap- 
plications, fabrication of electronic components, opto- 
electronic devices, chemical and biological sensor arrays, 
assembly of holographic data storage matrices, facilitation 
of combinatorial chemistry applications, promotion of col- 
loidal self-assembly, and the manipulation of biological 
materials. 

[° 011 ] It is still another object of the invention to provide an im- 
proved method and system for constructing a temporally 
and spatially varying configuration of optical gradient 
fields for commercial applications. 

[0012] it j S a | so an object of the invention to provide a novel 

method and system for using one or more laser beams in 
conjunction with one or more diffractive optical elements 
for constructing a selectable time varying and/or particu- 
lar spatial array of optical traps for manipulating a dielec- 
tric material. 

[0013] it is yet a further object of the invention to provide an im- 
proved method and system using a single input laser 
beam, a diffractive optical element, and a diverging and/ 
or converging lens to form a static or dynamic optical 



trap. 

[0014] | t j S st j|| an additional object of the invention to provide a 
novel method and system for constructing an optical trap 
array which is directly observable by a user. 

[0015] it is also a further object of the invention to provide an 

improved method and system employing a laser beam in- 
put to a diffractive optical element with a beam scanning 
system enabling scanning of an array of optical traps for 
various commercial applications. 

[0016] it is in addition another object of the invention to provide 
a novel method and apparatus for constructing an optical 
trap configuration using a laser beam, a diffractive optical 
element and a diverging or converging optical system to 
form the trap configuration at a selectable location rela- 
tive to an objective lens focal plane. 

[0017] n is still another object of the invention to provide an im- 
proved method and apparatus for using a laser beam and 
an obliquely positioned diffractive optical element to filter 
out any undiffracted beam for efficient utilization of only 
a diffracted optical beam in constructing an optical trap 
arrangement. 

[0018] it is yet another object of the invention to provide a novel 
method and apparatus for using a laser beam input to a 



diffractive optical element to generate at least a two- 
dimensional arrangement of optical traps out of the focal 
plane of an objective lens. 

[0019] it is also yet another object of the invention to provide an 
improved method and system for employing a light beam 
and diffractive optics in conjunction with a plurality of 
telescope lenses to scan an optical trap array. 

[0020] it is yet an additional object of the invention to provide a 
novel method and system for establishing an array of op- 
tical traps using a single light beam input to a diffractive 
optical element and an optical system for controllably 
scanning the optical trap array such that small amplitude 
oscillatory displacements are applied to dynamically 
stiffen the optical traps. 

[0021] n is another object of the invention to provide a novel 

method for creating multiple independently steered opti- 
cal traps using a time-dependent addressable phase- 
shifting medium (such as a liquid crystal phase shifting 
array) as a diffractive optical element. 

[0022] n is a further object of the invention to provide a novel 
method for creating time-dependent optical gradient 
fields for the segregation of microscopic particles. 

[0023] n is yet another object of the invention to provide a novel 



method for manipulating a plurality of biological objects 
including the crystallization of proteins. 
[0024] other objects, features and advantages of the present in- 
vention will be readily apparent from the following de- 
scription of the preferred embodiments thereof, taken in 
conjunction with the accompanying drawings described 
below wherein like elements have like numerals through- 
out. 

Brief Description of Drawings 

[0025] FIGURE 1 illustrates a prior art method and system for a 
single optical tweezer; 

[0026] FIGURE 2 illustrates a prior art method and system for a 
single, steerable optical tweezer; 

[0027] FIGURE 3 illustrates a method and system using a diffrac- 
tive optical element; 

[0028] FIGURE 4 illustrates another method and system using a 
tilted optical element relative to an input light beam; 

[0029] FIGURE 5 illustrates a continuously translatable optical 
tweezer (trap) array using a diffractive optical element; 

[0030] FIGURE 6 illustrates a method and system for manipulat- 
ing particles using an optical tweezer array while also 
forming an image for viewing the optical trap array; and 

[0031] FIGURE 7 A illustrates an image of a four by four array of 



optical tweezers (traps) using the optical system of FIG. 6; 
and FIG. 7B illustrates an image of one micrometer diame- 
ter silica spheres suspended in water by the optical 
tweezers of FIG. 7 A immediately after the trapping illumi- 
nation has been extinguished, but before the spheres 

have diffused away. 
Detailed Description 

[0032] | n order to best understand the improvement of the in- 
vention, FIGS. 1 and 2 illustrate several prior art methods 
and systems. These systems will first be reviewed, and 
then the invention will be described in terms of the pre- 
ferred embodiment examples of FIGS. 3-7A and 7B. In 
prior art optical tweezer system 10 of FIG. 1, optical gra- 
dient forces arise from use of a single beam of light 12 to 
controllably manipulate a small dielectric particle 14 dis- 
persed in a medium 16 whose index of refraction, nm, is 
smaller than that of the particle 14. The nature of the op- 
tical gradient forces is well known, and also it is well un- 
derstood that the principle has been generalized to allow 
manipulation of reflecting, absorbing and low dielectric 
constant particles as well. Any of these techniques can be 
implemented in the context of the invention described 
hereinafter and will be encompassed by use of the termi- 



nology optical tweezer, optical trap and optical gradient 
force trap hereinafter. 

[0033] The optical tweezer system 10 is applied by using a light 
beam 12 (such as a laser beam) capable of applying the 
necessary forces needed to carry out the optical trapping 
effect needed to manipulate a particle. The objective of a 
conventional form of the optical tweezer 10 is to project 
one or more shaped beams of light into the center of a 
back aperture 24 of a converging optical element (such as 
an objective lens 20). As noted in FIG. 1 the light beam 12 
has a width "w" and having an input angle 0 relative to an 
optical axis 22. The light beam 12 is input to a back aper- 
ture 24 of the objective lens 20 and output from a front 
aperture 26 substantially converging to a focal point 28 in 
focal plane 30 of imaging volume 32 with the focal point 
28 coinciding with an optical trap 33. In general, any fo- 
cusing optical system can form the basis for the optical 
tweezer system 10. 

[0034] | n t he case of the light beam 12 being a collimated laser 
beam and having its axis coincident with the optical axis 
22, the light beam 12 enters the back aperture 24 of the 
objective lens 20 and is brought to a focus in the imaging 
volume 32 at the center point c of the objective lens focal 



plane 30. When the axis of the light 5 beam 12 is dis- 
placed by the angle 0 with respect to the optical axis 22, 
beam axis 31 and the optical axis 22 coincide at the cen- 
ter point B of the back aperture 12. This displacement en- 
ables translation of the optical trap across the field of 
view by an amount that depends on the angular magnifi- 
cation of the objective lens 20. The two variables, angular 
displacement 0 and varying convergence of the light 
beam 12, can be used to form the optical trap at selected 
positions within the imaging volume 32. A multiple num- 
ber of the optical traps 33 can be arranged in different lo- 
cations provided that multiple beams of light 12 are ap- 
plied to the back aperture 24 at the different angles 0 and 
with differing degrees of collimation. 
[0035] | n order to carry out optical trapping in three dimensions, 
optical gradient forces created on the particle to be 
trapped must exceed other radiation pressures arising 
from light scattering and absorption. In general this ne- 
cessitates having the wave front of the light beam 12 to 
have an appropriate shape at the back aperture 24. For 
example, for a Gaussian TEMoo input laser beam, the 
beam diameter w should substantially coincide with the 
diameter of the back aperture 24. For more general beam 



profiles (such as Gauss-Laguerre) comparable conditions 
can be formulated. 

[0036] | n another prior art system in FIG. 2, the optical tweezer 
system 10 can translate the optical trap 33 across the 
field of view of the objective lens 20. A telescope 34 is 
constructed of lenses LI and L2 which establishes a point 
A which is optically conjugate to the center point B in the 
prior art system of FIG. 1. In the system of FIG. 2 the light 
beam 12 passing through the point A also passes through 
the point B and thus meets the basic requirements for 
performing as the optical tweezer system 10. The degree 
of collimation is preserved by positioning the lenses LI 
and L2 as shown in FIG. 2 to optimize the transfer proper- 
ties of the telescope 34. In addition, the magnification of 
the telescope 34 can be chosen to optimize angular dis- 
placement of the light beam 12 and its width w in the 
plane of the back aperture 24 of the objective lens 20. As 
stated hereinbefore, in general several of the light beams 
12 can be used to form several associated optical traps. 

[0037] such multiple beams 12 can be created from multiple in- 
dependent input beams or from a single beam manipu- 
lated by conventional reflective and/or refractive optical 
elements. 



[0038] | n one preferred embodiment of the invention shown in 
FIG. 3, arbitrary arrays of optical traps can be formed. A 
diffractive optical element 40 is disposed substantially in 
a plane 42 conjugate to back aperture 24 of the objective 
lens 20. 

[0039] N 0 te that only a single diffracted output beam 44 is 

shown for clarity, but it should be understood that a plu- 
rality of such beams 44 can be created by the diffractive 
optical element 40. The input light beam 12 incident on 
the diffractive optical element 40 is split into a pattern of 
the output beam 44 characteristic of the nature of the 
diffractive optical element 40, each of which emanates 
from the point A. 

[0040] Thus the output beams 44 also pass through the point B 
as a consequence of the downstream optical elements de- 
scribed hereinbefore. 

[0041] The diffractive optical element 40 of FIG. 3 is shown as 
being normal to the input light beam 12, but many other 
arrangements are possible. For example, in Fig. 4 the light 
beam 12 arrives at an oblique angle ^relative to the optic 
axis 22 and not at a normal to the diffractive optical ele- 
ment 40. In this embodiment, the diffracted beams 44 
emanating from point A will form optical traps 50 in focal 



plane 52 of the imaging volume 32 (seen best in FIG. 1). 
In this arrangement of the optical tweezer system 10 an 
undiffracted portion 54 of the input light beam 12 can be 
removed from the optical tweezer system 10. This config- 
uration thus enables processing less background light and 
improves efficiency and effectiveness of forming optical 
traps. 

[0042] The diffractive optical element 40 can include computer 
generated holograms which split the input light beam 12 
into a preselected desired pattern. Combining such holo- 
grams with the remainder of the optical elements in FIGS. 
3 and 4 enables creation of arbitrary arrays in which the 
diffractive optical element 40 is used to shape the wave- 
front of each diffracted beam independently. Therefore, 
the optical traps 50 can be disposed not only in the focal 
plane 52 of the objective lens 20, but also out of the focal 
plane 52 to form a three-dimensional arrangement of the 
optical traps 50. 

[0043] | n the optical tweezer system 10 of FIGS. 3 and 4, also in- 
cluded is a focusing optical element, such as the objective 
lens 20 (or other like functionally equivalent optical de- 
vice, such as a Fresnel lens) to converge the diffracted 
beam 44 to form the optical traps 50. Further, the tele- 



scope 34, or other equivalent transfer optics, creates a 
point A conjugate to the center point B of the previous 
back aperture 24. The diffractive optical element 40 is 
placed in a plane containing point A. 
[0044] | n another form of the invention, arbitrary arrays of the 
optical traps 50 can be created without use of the tele- 
scope 34. In such an embodiment the diffractive optical 
element 40 can be placed directly in the plane containing 
point B. 

[0045] | n the optical tweezer system 10 either static or time de- 
pendent diffractive optical elements 40 can be used. For a 
dynamic, or time dependent version, one can create time 
changing arrays of the optical traps 50 which can be part 
of a system utilizing such a feature. In addition, these dy- 
namic optical elements 40 can be used to actively move 
particles and matrix media relative to one another. For 
example, the diffractive optical element 40 can be a liquid 
crystal phase array undergoing changes imprinted with 
computer-generated holographic patterns. 

[0046] in another embodiment illustrated in FIG. 5, a system can 
be constructed to carry out continuous translation of the 
optical tweezer trap 50. A gimbal mounted mirror 60 is 
placed with its center of rotation at point A. The light 



beam 12 is incident on the surface of the mirror 60 and 
has its axis passing through point A and will be projected 
to the back aperture 24. Tilting of the mirror 60 causes a 
change of the angle of incidence of the light beam 12 rel- 
ative to the mirror 60, and this feature can be used to 
translate the resulting optical trap 50. A second telescope 
62 is formed from lenses L3 and L4 which creates a point 
A' which is conjugate to point A. The diffractive optical el- 
ement 40 placed at point A' now creates a pattern of 
diffracted beams 64, each of which passes through point 
A to form one of the tweezer traps 50 in an array of the 
optical tweezers system 10. 

[0047] | n operation of the embodiment of FIG. 5, the mirror 60 

translates the entire tweezer array as a unit. This method- 
ology is useful for precisely aligning the optical tweezer 
array with a stationary substrate to dynamically stiffen the 
optical trap 50 through small-amplitude rapid oscillatory 
displacements, as well as for any application requiring a 
general translation capability. 

[0048] The array of the optical traps 50 also can be translated 

vertically relative to the sample stage (not shown) by mov- 
ing the sample stage or by adjusting the telescope 34. In 
addition, the optical tweezer array can also be translated 



laterally relative to the sample by moving the sample 
stage. This feature would be particularly useful for large 
scale movement beyond the range of the objective lens 
field of view. 

[0049] | n another form of the invention shown in FIG. 6 the opti- 
cal system is arranged to permit viewing images of parti- 
cles trapped by the optical tweezers 10. A dichroic beam- 
splitter 70, or other equivalent optical beamsplitter, is in- 
serted between the objective lens 20 and the optical train 
of the optical tweezer system 10. In the illustrated em- 
bodiment the beamsplitter 70 selectively reflects the 
wavelength of light used to form the optical tweezer array 
and transmits other wavelengths. Thus, the light beam 12 
used to form the optical traps 50 is transmitted to the 
back aperture 24 with high efficiency while light beam 66 
used to form images can pass through to imaging optics 
(not shown). 

[0050] An illustration of an application of the invention is shown 
in FIGS. 7A and 7B. The diffractive optical element 40 is 
designed to interact with the single light beam 12 to cre- 
ate a 4x4 array of collimated beams. A 100 mW frequency 
doubled diode-pumped Nd:YAG laser operating at 532 
nm provides a Gaussian TEMoo form for the light beam 



12. In FIG. 7 A the field of view is illuminated in part by 
laser light backscattered by sixteen silica spheres trapped 
in the array's sixteen primary optical tweezers 10. The 
lum diameter spheres are dispersed in water and placed 
in a sample volume between a glass microscope slide and 
a 170 pirn thick glass coverslip. The tweezer array is pro- 
jected upward through the coverslip and is positioned in a 
plane 8um above the coverslip and more than 20 urn be- 
low the upper microscope slide, The silica spheres are 
stably trapped in three-dimensions in each of the sixteen 
optical tweezers 10. 

[0051] | n FIG. 7B is shown the optically-organized arrangement 
of spheres 1/30 second after the optical tweezers 10 
(traps) were extinguished but before the spheres had time 
to diffuse away from the trap site. 

[0052] while preferred embodiments of the invention have been 
shown and described, it will be clear to those skilled in the 
art that various changes and modifications can be made 
without departing from the invention in its broader as- 
pects as set forth in the claims provided hereinafter. 



